Vertebrate internal organs of the body develop with a distinctive left-right asymmetry. The mouse inversion of embryonic turning (inv) mutation which was created by random insertional mutagenesis causes a constant reversal of the left-right polarity (situs inversus) as well as cyst formation in the kidney in homozygotes. Since this phenotype is tightly linked to the transgenic integration site, the disrupted gene is likely to be located near this site. To analyse the transgenic integration site, ICRF yeast artificial chromosome (YAC) clones were screened by hybridization with a probe containing this site. Three positive YACs were identified and cosmid libraries were constructed from these. The insertional mutagenesis created a 60 kb genomic deletion on mouse chromosome 4. A cosmid contig spanning the whole deleted region was generated by genomic walking. In an effort to identify transcript(s), we used cosmid insert DNA to screen mouse embryo cDNA libraries directly after precompetition with Cot1 DNA to suppress the nonspecific signal. Only one cDNA clone (3 kb, clone 28) was identified, and we then obtained full-length cDNA. Genomic Southern hybridization indicated that this gene spans the whole deleted region, implying that the homozygous inv mice have an intragenic deletion of this gene. Northern hybridization showed that the gene is expressed as early as embryonic day 7, and its size was ;5.6 kb. As the highest expression is seen in kidney and liver in the adult, the expression patterns are consistent with our postulate that the gene is responsible not only for reversal of left-right asymmetry but also for cyst formation in the kidney in the inv mutant. The deduced amino acid sequence shows that the gene has 15 successive repeats of an AnkuSwi6 motif in its N-terminal domain. These repeats are considered to provide a mechanism for recognition of proteins, such as to fix target proteins at certain cellular locations or alter intracellular location of target binding proteins. In conclusion, we have cloned an inv candidate gene that is responsible for both the situs inversus and cyst-forming kidney. The gene product involves ankyrin motif repeats, indicating that a cytoskeleton disruption induces the situs inversus and the cystic kidney.
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Keywords: cystic kidney; inv; situs inversus Vertebrate organisms have a common left-right asymmetry of their visceral organs: the heart, stomach and spleen are located on the left side, while the liver is located on the right. A mirror image reversal of this asymmetry is called situs inversus. Based on advances in molecular biological techniques, the involvement of several genes, such as nodal or lefty in mice, has been implicated in the control of left-right asymmetry. An animal model has been prepared recently in a transgenic mouse [1] . Mutant mice were generated by the microinjection of the tyrosinase minigene. Homozygous embryos consistently showed an inverted embryonic rotation, unlike several experimental and genetic mutations that produced a randomized alteration in left-right asymmetry. In addition, the mutation also resulted in the formation of cysts in the kidney. The kidney phenotype of inv mutants was characterized by the occurrence of variously sized tubular cysts and the cystic dilatation of some glomeruli.
Previously, single-copy probes (named p3.2H and p2.3H) that flank the integrated tyrosinase minigene have been identified and located on mouse chromosome 4 in this transgenic mouse [1] . Analysis of these probes showed that a region next to p3.2H had been deleted whereas a region containing p2.3H had been duplicated. The analysis also indicated that an intrachromosomal inversion may have occurred [2] . Three yeast artificial chromosomes (YACs) were identified by screening the ICRF YAC library with the flanking probe p3.2H, and cosmid libraries were constructed based on these YACs. We identified two cosmids, E121 and G16, that mapped to opposite sides of the transgenic insert. The distance between the two cosmids is ;400 kb in the wild-type genome [1] . Fluorescent in situ chromosomal hybridization (FISH) revealed that both cosmids are located on chromosome 4, band B in the wild-type and inv chromosomes [3] , suggesting that an intrachromosomal inversion in the inv genome had not occurred. Therefore, we attempted to identify the responsible gene(s) in the deleted region anduor the duplicated region ( Figure 1A) .
Screening the cDNA library using the cosmids (EG5 and E120) in the deleted region resulted in the identification of only one cDNA clone (clone 28). The overlapping cDNA clones were identified by further screening, and the total size of the cDNA, based on the sequence, was estimated to be ;5.6 kb. This size corresponds well with the ;6 kb transcript size estimated by northern hybridization. On the other hand, no cDNA clones were obtained by screening with the other genomic clones, including other cosmid clones and P1 clones located in the duplicated region.
Next, we analysed the genomic structure of the candidate gene. Seven cosmid clones, six bacterial artificial chromosome (BAC) clones and five phage clones were obtained by screening libraries and were characterized by hybridization with genomic and cDNA probes and by pulsed-field gel analysis. A physical map of the region surrounding the inv locus was constructed (Figure 1 ). The exon-intron structure was predicted by Southern hybridization, and confirmed by sequencing the polymerase chain reaction (PCR) products obtained using cDNA primers and the genomic clones as a template, or by sequencing the clones subcloned from the genomic clones ( Figure 1 ).
Southern hybridization with the cDNA probes F1-R3 and F12-ER16 showed that the inv homozygote retained the probed regions. Meanwhile, hybridization with F6-ER11 showed that several bands were missing in the inv homozygote ( Figure 1D ). These hybridization results confirmed that exons 4-12 of the candidate gene are missing in the inv genome ( Figure 1C) . Northern hybridization showed that the gene is expressed as early as embryonic day 7. In adults, the highest level of expression is observed in the kidney and the liver. The genomic analysis and expression patterns of the gene suggest that the gene is a likely candidate for the encoding of the inv protein. Indeed, our collaborators have generated transgenic mice carrying a minigene (GGS-inv) that contains a fulllength cDNA with the inv gene and a CAG promotor. All inv homozygotes containing the GGS-inv transgene grew normally; their phenotype was rescued, and the mice exhibited normal laterality of the visceral organs and normal kidneys without cysts [3] .
The cDNA of the candidate gene has a long open reading frame that encodes 1062 amino acids. It does not contain a signal peptide or transmembrane domain, indicating that it is probably an intracellular protein.
The most distinctive feature of this candidate protein is the presence of 15 successive repeats of an AnkuSwi6 motif, consisting of ;33 amino acids ( Figure 1C ). This motif has been found in vertebrate proteins (including ankyrins), developmental regulatory proteins and cell cycle-regulatory proteins. Our candidate protein has a short amino acid sequence prior to the AnkuSwi6 repeats that is similar to the sequence found in ankyrins. However, the candidate protein does not contain the spectrin-binding site or regulatory domains found in ankyrins.
The pathogenesis of the gene disruption underlying the resultant phenotype in the inv mouse remains unclear. Some possible explanations for the relationship between inv and cystogenesis of the kidney have been proposed. One possibility is that the inv-coded protein plays the role of a cytoskeletal protein, since it has an ankyrin motif in its structure. Abnormalities in cytoskeletal proteins may induce an inversion of the left-right axis. The inv gene may be positioned upstream in a gene cascade that determines not only left-right asymmetry but kidney development as well. Further characterization of the expression and functions of the inv gene may be helpful in clarifying the mechanism underlying the development of multiple cysts in the kidney.
